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We use photo-electrons as a non-contact probe to measure local electrical potentials in a solid-oxide electrochemical cell. We 
characterize the cell in operando at near-ambient pressure using spatially-resolved X-ray photoemission spectroscopy. The 
overpotentials at the interfaces between the Ni and Pt electrodes and the yttria-stabilized zirconia (YSZ) electrolyte are directly 
measured. The method is validated using electrochemical impedance spectroscopy. Using the overpotentials, which characterize 
the cell's inefficiencies, we compare without ambiguity the electro-catalytic efficiencies of Ni and Pt, finding that on Ni H2O 
splitting proceeds more rapidly than H2 oxidation ,while on Pt, H2 oxidation proceeds more rapidly than H2O splitting. 



> 

in 
m 
O 
q 

rn 
O 

o 

> 



1 Introduction 

Electrochemical technologies offer very efficient (40%-95%) 
routes to convert and store energy while not introducing 
carbon-containing species into the atmosphere. Thus, it is 
widely anticipated that electrochemical technologies will be 
increasingly used to provide energy that does not contribute 
to climate change, i.e., carbon-neutral storage and conversion. 
Batteries, ultra-capacitors, fuel cells and electrolyzers are the 
most important^ electrochemical devices used to inter-convert 
electrical and chemical energy. Fuel cells'^ and electrolyz- 
ers^ are closely related: the former converts fuel to electricity 
and the latter reverses the process. In fact, a single device can 
accomplish both tasks, depending if it is fed fuel or driven by 
electricity. 

A natural question is why fuel cells and electrolyzers are not 
widely used even though they were discovered over 150 years 
agolMi? p art Q f ^ answer ma y b e that f ue i ce n s anc [ elec- 
trolyzers have suffered from a disproportionately high frac 
tion of top-down research compared to other technologies 
That is, the early success at making working devices has led 
to an emphasis on engineering-based solutions. Innovation 
resulting from scientific understanding has lagged because es- 
sential fundamental knowledge is missing and difficult to ob- 
tain. Specifically, which of the basic processes of the charge- 

" Sandia National Laboratories, CA 94550, USA. Fax: 01 925 294 3231; Tel: 
01 925 294 3441; E-mail: felgaba@sandia.gov 

b Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, 
CA 94720, USA. Fax: 01 510 486 4773; Tel: 01 510 486 2109; E-mail: 
zliu2@lbl.gov 

c Chemical Sciences Division, Lawrence Berkeley National Laboratory, 
Berkeley, CA 94720, USA 

f Present address: Chalmers University of Technology, Gothenburg, Sweden. 



7 



transfer reactions 8 9 limit rates and efficiencies in fuel cells 
and electrolyzers is still incompletely understood. 

The fundamental electrochemical phenomenon in both fuel 
cells and electrolyzers is the formation of electrical double- 
layers across material interfaces, as illustrated in Fig. [T] 
Driven by gradients in their chemical and electrical poten- 
tials, charged species (electrons and ions) cross through the 
double-layers from one phase to another. As reviewed in Sec- 
tion [3] every double-layer has an associated potential (differ- 
ence) that is modified by an "overpotential" when the current 
is flowing. In fact, the current through a double-layer depends 
exponentially on its overpotential^. An overpotential always 
decreases the device's power output by reducing the useful 
potential obtained from a fuel cell and increasing the poten- 
tial needed to drive an electrolyzer. If the overpotential grows 
relatively fast with increasing current, the device is inefficient 
and must be run at low current 11 to minimize the losses. 

Many theoretical works have addressed the origin and con- 
tributions to overpotentialsEK] b u t experimental approaches 
to directly measuring overpotentials are scarce because of 
large challenges. First, overpotentials only exist when the 
cell is in operando. Second, they cannot be measured by a 
contact probe, the traditional approach to measuring poten- 
tials on metals and semiconductors — contacting a potential 
probe to a solid-state electrolyte, which must be electrically 
insulating, introduces another double-layer, confounding the 
measurement^^]. 

Here we use a new method to measure directly all the 
overpotentials in a working electrochemical device. Using 
a newly constructed spatially-resolved ambient-pressure pho- 
toemission spectroscopy (APXPS) platform 16 " 18 ! we employ 
photoelectrons as a non-contact probe of local electrical po- 
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Fig. 1 Schematic of an electrical double-layer at the interface 
between a metal (Ni) and a solid state electrolyte (YSZ). The inner 
potentials <|) on either side of the interface are labeled. PES data 
from representative points A and B are used to determine the 
overpotential r) of the interface. 



tential™ We use a driven solid-oxide electrochemical cell 
(SOEC) as a model system to study both fuel cell (H2 oxi- 
dation) and electrolyzer (H2O splitting) reactions on Ni and 
Pt electrodes (Fig. |2j. Sections [3] and [4] describe in detail the 
potentials and overpotentials expected in this model cell. We 
then describe the measured overpotentials, which we validate 
with simultaneous electrochemical impedance spectroscopy 
(EIS). Analysis of the individual spatially-resolved overpoten- 
tials reveals direct information about the charge-transfer reac- 
tions. 




Fig. 2 Schematic of the driven solid-oxide electrochemical cell used 
in this work, (a) and (b) show the two possible polarities and the 
gas-phase reactions at each three-phase boundary, (a) also shows the 
x-ray beam and the collection cone of the spectrometer. 
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Fig. 3 (a) Photograph of the solid-oxide electrochemical cell. The 
dashed square region marks the region measured by PES. (b) 
Schematic (top view) of the measured region, electrode assignment, 
and cell connections for V ce u < 0. Dashed circles show overlapping 
regions of PES analysis that span between the two electrodes. 



2 Experimental 

The solid electrolyte of the SOEC studied was a wafer of 
single-crystal yttria-stabilized zirconia (YSZ). The Pt (99.99% 
pure) and Ni (99.995% pure) electrodes were fabricated on 
the YSZ by evaporation from crucibles heated by an elec- 
tron beam under high vacuum conditions (10~ 6 Torr). The 
electrode shape was controlled using a stainless-steel shadow 
mask positioned in front of the YSZ substrate. Figures [2] and 
[3^ show a schematic and a photograph, respectively, of the 
SOEC. 

A specially developed holder was used to electrically con- 
tact the SOEC while at high temperature in the H2O/H2 ambi- 
ent. The holder uses spring-loaded probes to provide reliable 
electrical contact to the thin-film electrodes and is equipped 
with a ceramic button-heater compatible with oxidizing at- 
mospheres^. A computer-based Gamry potentiostat (model 
PCI4-750) was used to bias the SOEC and perform standard 
electrochemical tests. 
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Fig. 4 Left panel: top- view schematic of the SOEC Ni/YSZ interface measured in the ambient-pressure PES image (right). The dashed lines 
shows the field-of-view (~0.6 mm). Right panel: the photoelectron binding energy versus real-space distance around the cell's three-phase 
boundary during operation at zero bias. Core-level PES peaks of Ni, YSZ, their impurities and the Ni Fermi edge (FE) are labeled. Intensities 
(counts) are displayed using a false-color scale. The binding energy scale is referenced to the Fermi edge of the grounded Ni electrode. 



Once the cell was positioned in front of the collection cone 
of the APXPS spectrometer, 150 mTorr H2O was introduced 
into the chamber, followed by 150 mTorr H2. After stabilizing 
the pressure, the sample was heated from room temperature 
to about 700 C over the course of 1 hour^ 1 . These pressures 
and temperatures were sufficient to produce cell currents up to 
200 /j A. Temperatures were measured by a two-color pyrome- 
ter enabled by blocking the radiation from the heater with a Pt 
film on the backside of the YSZ wafer. Secondary temperature 
measurements were obtained by measuring the bulk conduc- 
tance of YSZ between the electrodes using EIS at zero applied 
bias. The Ni electrode was assigned to be the working elec- 
trode (WE) and was electrically connected to the spectrometer 
ground. This "Fermi-edge coupling" aligns the Fermi edge of 
the Ni and the spectrometer. The Pt electrode, assigned as the 
counter electrode (CE), is biased relative to the grounded Ni 
electrode. The electrochemical measurements were taken in a 
two probe configuration (Fig. [3J?). 

APXPS 16 17 measurements were performed at the Ad- 
vanced Light Source (LBNL, Berkeley) beamline 9.3.2. The 
end-station is equipped with a Scienta R4000 HiPP ambient- 
pressure electron spectrometer. By means of a series of elec- 
tron lenses and differentially pumped stages, the electron an- 
alyzer side is maintained under high vacuum conditions. The 
spectrometer was optimized in this project to perform ID 
spatially-resolved AFXPSE0 The photo-electrons are dis- 
persed by their kinetic energy along the x-axis of the spec- 
trometer's two-dimensional detector. Along the detector's y- 
axis, the electrons are mapped according to the position that 
they were emitted from the sample (see Fig. [4). Thus, the 



spectrometer spectrally resolves the electrons with simultane- 
ous ID spatial resolution. The field-of-view for the spatial 
resolution dimension is ^0.6 mm and the resolution is ~1 fjm. 
To analyze larger areas, the sample holder was translated with 
high precision using a 4-axis manipulator, as illustrated in 
Fig. [3j>. The resulting data was analyzed by dividing each 
image into 5 or 10 fjm thick slices along the spatial resolution 
axis. By integrating the counts of every slice along this axis, 
a standard XPS spectrum of counts vs. kinetic energy was 
obtained. The beamline energy resolution, which determines 
the XPS peak widths, is 160 meV at the photon energy used 
(490 eV). 



For obtaining the local electrical potentials of the cell, 
APXPS spectra were obtained at several values of applied 
bias. The potentials from the YSZ electrolyte and the Ni 
and Pt electrodes were measured using the Ni 3p3/2, Zr 3d 5 / 2 
and Pt 4f 7 /2 XPS core levels, respectively. These element- 
specific core levels have sharp XPS peaks and have relatively 
high cross-sections for the exciting x-rays (490 eV). The peaks 
were background corrected and fitted to determine their ki- 
netic energies. At each discrete analysis location, the peak 
positions with and without applied bias were subtracted (to 
obtain blas A eq (|), as explained in detail in Appendix [a|>. The 
910 /jm-wide region of YSZ electrolyte (see Figj3j?) between 
the electrodes was analyzed using 182 Zr 3d5/2 spectra sepa- 
rated by 5 fim steps. 
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3 Double-layer potentials in a driven SOEC 



contributions^! 



Since driven (electrolyzers) cells are much less discussed than 
fuel cells in the literature, in this section we review their oper- 
ation. We then formally define the different types of potentials 
present in the SOEC. With no applied bias, the SOEC materi- 
als are in equilibrium with the gas phase. Furthermore, the gas 
phase is in equilibrium with itself, so there is no chemical en- 
ergy that can be extracted. Applying a potential (bias) between 
the electrodes perturbs this equilibrium. For the Ni/YSZ/Pt 
cell shown in Fig. [2] the metallic electrodes then charge by 
accumulating electrons or holes, depending on the polarity, at 
their surfaces. These charged electrodes induce a layer of net 
(ionic) charge of opposite sign in the electrolyte region adja- 
cent to the electrode, forming an electrical double-layer there. 
The mobile charges in YSZ are 2 ~ ions —, so the YSZ under 
the positive electrode has an 2 ~ excess and the YSZ under 
the negative electrode has an 2 ~ deficiency, or equivalently, 
an excess of oxygen vacancies (V"). The electrolyte charge 
layer is expected to be only a few nanometers thick 24 . Thus, 
the double-layer is the response of the electrolyte to the elec- 
tric field created between the electrodes. The charge at the 
electrolyte interfaces effectively screens the penetrating elec- 
tric field and maintains the bulk electrolyte at an almost con- 
stant potential, reducing its overall electrostatic energy. 

The potential of the charged layer is called the outer (Volta) 
potential \\t and is of coulombic nature^EH. The total (inner or 
Galvani) potential (]) is the sum of the outer potential \\t and the 
surface potential %, which is of dipolar nature 25 26 . The differ- 
ence between the inner potentials of the electrode/electrolyte 
adjacent to their interface is defined as the total double-layer 
potential and is written for the Ni/YSZ interface as: 



Ni YSZ Ni YSZ 

A <|> = A %- 



Ni YSZ 

A y, 



(1) 



where A is the difference operator and the Ni/YSZ superscripts 
represent the Ni-electrode and the YSZ-electrolyte sides of the 
electrical double-layer, respectively. 

The total interface overpotential is defined^! as the change 
of the inner potential difference between equilibrium (zero ex- 
ternal bias) and non-equilibrium (non-zero bias): 



Ni YSZ 
= A (j)bias 



Ni YSZ 

- A 



cq. 



or equivalently, 



TIn-ysz = ^A^' - blas A e > YSZ , 



(2) 



(3) 



for the Ni/YSZ interface, where (j)bi as and (j) eq are the biased 
and the equilibrium inner potentials of the interface, respec- 
tively, and (|) Nl and (|) YSZ are the inner potentials at the Ni 
and YSZ sides of the double-layer, respectively. These to- 
tal double-layer overpotentials of a driven SOEC have several 



^Ni-YSZ — ^bias.Ni-YSZ " 
^YSZ-Pt = ^bias.Ysz-Pt ~ 



" r lac, Ni _YSZ "Hc.ni-ySZ 
^ac.YSZ-Pt ~~ T I C .YSZ-Pt 



(4) 



where r|bia S , Ni _ YSZ anc ^ Tlbias.ysz-pt are tne portions of the ex- 
ternally applied bias that creates the double-layers at the elec- 



trode/YSZ interfaces, r| 



ac -Ni-YSZ 



and T| 



ac .YSZ-Pt 



are the reaction 

activation overpotentials and T| CjNi YSZ and T| c YSZ Pt are the 
mass-transfer limitation overpotentials, also called the con- 
centration overpotentials. We note that all the contributions 
to the overpotential are interrelated^ and it is not possible to 
obtain the total overpotentials from independently calculated 
contributions. As we next review, only the T|bias contributions 
favor the electrochemical reactions. 



4 Electrochemical reactions in a driven SOEC 

When the driven SOEC is exposed to gas-phase H2 and H2O, 
charge-transfer reactions start (Fig. [21. The electrical and 
chemical driving forces for the charge-transfer reactions arise 
from the double-layers at the electrode/electrolyte interfaces, 

which Scale as T|bias, Ni _ Y SZ an( ^ ^bias.ysz-Pt ■ 

The O 2 " and V?T 

excess under the electrodes at the opposite sides of the YSZ 
electrolyte will drive the adjacent bare YSZ surface out of 
chemical equilibrium with the gas-phase species. Gas/surface 
reactions then act to return the surface to equilibrium. In ad- 
dition, the strong electric field produced by the double-layers 
creates a gradient in the electrochemical free energy of elec- 
trons and ionic species involved in the charge-transfer reac- 
tions. This gradient causes electrons to cross the electrode/gas 
interface and the ions to cross the electrolyte/gas interface (in 
the most general cas&Zty. 

Since charge-transfer reactions involve gas-phase species, 
electrons, and 2 ~ ions, they will occur at or close to the three- 
phase boundary (TPB), where the gas phase, electrolyte and 
electrode meet, and only where a double-layer exists. The 
overall charge-transfer reaction, 



Hf - 



O 



2- . 

YSZ 



2e 



electrode 



h 2 o 



gas 



(5) 



proceeds at the same net rates in the forward and reverse di- 
rections at the TPB of the positive and negative electrodes, 
respectively (see Fig. [2]). 

In response to the charge-transfer reactions, the electrolyte 
produces a net flux of 2 ~ from the negative to the positive 
electrode, closing the circuit with the external, fixed-potential 
power supply. The potential drop arising from the O 2 " flux 
across the YSZ electrolyte is a different type of overpotential, 
since it does not occur at an interface, but though the elec- 
trolyte. It has the form r| R = IceiiRysz, where l ce \\ is the total 
cell current and Rysz is the electrolyte resistance. 
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The Butler- Volmer kinetic relationship, 



l oe i e 



Binding Energy (eV) 
188 187 186 185 184 183 182 181 



(6) 



in its simplest form (the high-field approximation^^!]), relates 
the current density i and the total double-layer overpotentials 
T|. io is the exchange-current density flowing back and forth 
across the interface when the cell is in equilibrium, and is pro- 
portional to the charge-transfer reaction rate. The applied po- 
tential difference V ce ii is distributed across the three overpo- 
tentials of the cell: 



Vcell = Tk 



-Tin 



(7) 



However, the Butler- Volmer relationship tells us that the total 
overpotentials of the two electrode/electrolyte interfaces, not 
V ce n, directly controls the current across the interface. Thus, to 
balance all the currents through the cell at steady state requires 
a unique, non-trivial set of overpotentials (Eq.[7ji. By directly 
measuring these fundamental and highly correlated values, 
that is, by determining the "potential landscape," SOEC per- 
formance can be understood and improved. We next quantify 
the potential landscape. 

5 Results and discussion 

In this section we will describe how we have directly measured 
the three SOEC overpotentials T| Ni _ YSZ , r| YSZ Pt andr| R of Eq.|7] 
using APXPS. We then discuss the information contained in 
the overpotentials. Figure [5]illustrates how the kinetic energy 
of a Zr XPS peak changes with cell bias. During the SOEC 
operation, the Pt, Ni, and YSZ surfaces underwent no chemi- 
cal changes, as revealed through the XPS spectra. That is, the 
peak shifts with cell bias have no contributions from chem- 
ical shifts. Then the kinetic energy changes only arise from 



changes in the material's inner potential, as shown in Eq. 12 of 
the Appendix [A] Figure|6^ plots the element-specific absolute 
values of -E^'g — -Eke = ™ as A eq (|) from the Ni electrode, across 
the YSZ electrolyte, to the Pt electrode for V ce u = -1.2 V. 
The potentials are constant across the two metal electrodes^. 
The standard deviations of the kinetic energy differences with 
and without -1.2 V bias are o(Ni 3p3/2) = 0.012 eV, and 
a(Pt 4f 7 / 2 ) = 0.002 eV for Ni and Pt, respectively. These re- 
sults show the high precision, roughly 10 meV, at which poten- 
tials and potential differences can be measured by the APXPS 
approach. Since the precision depends mainly on the signal- 
to-noise ratio of the XPS peak, it can be easily improved using 
greater time averaging, for example. Across the YSZ the po- 
tential changes linearly, as documented by the goodness of the 
least-squares fit to a line y=a+bx: a= 0.783±0.003 eV and 
b= 5.181 x 10~ 5 ±2.78x 10~ 6 eV/^m where x is distance. 
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Fig. 5 Example of a rigid shift in the kinetic energy of a XPS peak 
when bias is applied across the Ni and Pt electrodes. In the image, 
the Zr 3d doublet ends at the boundary between the YSZ electrolyte 
and the grounded Ni electrode. The Zr 3d doublet shifts some 
fraction of the cell bias V ce // because the YSZ inner potential (]) 
changes when a double-layer forms under the Ni electrode. 



In Figure [6^ the discontinuities in the potentials (i.e., the 
blas A eq (j) values) at the electrode/electrolyte boundaries are the 
overpotentials, as established by Eq.|3] Because the electrodes 
are metals, their electrical potential is constant. Thus, the 
metal has the same potential at the point probed by XPS (point 
A in Fig. [TJ and at its buried interface with the YSZ. We use 
the ID spatial resolution to measure the inner potential of the 
bare YSZ at point B in Fig. [T] which is about 10 /jm from the 
electrode. The YSZ potential at this point and the potential 
of the YSZ under the electrode differ only by the small ohmic 
drop through the short YSZ segment. For the operating condi- 
tions of our cell, we estimate that this difference introduces an 
error of less than 1% of r| R in the double-layer overpotentials. 

Table [T] contains all the measured overpotentials and other 
relevant quantities obtained from the potentiostat and from the 
XPS data. The sum of all three total overpotentials is ~ 50 mV 
lower than V ce iu likely due to the resistance of the cables and 
the contact resistance between the spring-loaded probes and 
the electrodes. The closeness of the overpotential sum to V ce ii 
shows that the measured overpotentials have internal consis- 
tency. An additional validity test comes from EIS measure- 
ments taken concurrently with the XPS data. Figure shows 
a potentiostatic Bode plot. As the phase angle goes to zero at 
high-frequency, the impedance measures the global electrolyte 
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Table 1 Measured values for the Ni/YSZ/Pt SOEC, obtained from the potentiostat and from the APXPS experiment, as indicated. The 
rightmost column shows the value of Rysz obtained by dividing the electrolyte overpotential, T| R , by the total cell current, l ce u- 
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Fig. 6 (a) Potential landscape of the SOEC at V ceU = - 1 .2 V. The 
labeled overpotentials for the Ni/YSZ and YSZ/Pt interfaces appear 
as discontinuities in the potential, (b) Measured, absolute values of 
the three total overpotentials vs. cell bias (see Table[TJ. The plot 
labels give the net reactions taking place at each electrode's TPB for 
each given condition. The marker size is proportional to the cell 
current, I ceU , 



resistance of the SOEC® 1 , giving R YS z = 195 ± 20 CI. Divid- 



ing the APXPS -derived overpotential r| R by I ce u is an alterna- 
tive way of calculating the electrolyte resistance. As shown 
in Table [T] the agreement between the two methods is excel- 
lent. In addition, this comparison shows that the current in the 
SOEC is spatially uniform because the value probed by XPS 
in a localized region agrees with the average full-cell (global) 
value. These two independent tests validate the methodology 
of using APXPS as a non-contact method of measuring over- 
potentials in operando. 
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Fig. 7 Bode plot from electrochemical impedance spectroscopy 
(EIS) showing the phase angle and impedance magnitude vs. 
frequency. Data obtained concurrent to the APXPS measurements 
of overpotentials. 

Figure^ plots the measured overpotentials for several V ce n 
values. The marker size is proportional to I ce u (see Table [TJ. 
We next discuss what information can be learned from how 
the individual overpotentials change with V ce ii- At a given 
V ce u value, both electrodes experience the same current (I ce ii), 
have the same geometry and, thus, the same TPB length. I ce u 
is therefore proportional to both current densities, i m _ YSZ and 
; YSZ _ pt . In addition, the electrodes experience the same tem- 
perature and the same gas composition and pressure. How- 
ever, the electrodes have different steady-state overpotentials 
when current flows, as can be seen in Fig. [6b. The Butler- 
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149] 



Volmer relationship (Eq. [6) tells us that electrodes experienc- 
ing the same current densities (z" Ni _ YSZ = i Y sz-pt) w ' tri different 
overpotentials must have different exchange-current densities 
('o,Ni-Ysz 7^0, ysz-pi)- That is, the electrodes differ in their effi- 
ciency in performing the corresponding charge-transfer reac- 
tion. We next explore how the exchange-current densities of 
Pt and Ni compare for the two different cell reactions, H2O 
splitting and H2 oxidation (Eq.|5]l. 

The Ni overpotentials are always larger than the Pt overpo- 
tentials, whether Ni is splitting H2O or oxidizing H2, i.e., for 
V ce ii< and V ce ii>0, respectively (Fig. [6}}). With the same 
steady-state current flowing through both electrodes, Eq. [6] 
then informs us that the larger overpotential of Ni occurs be- 
cause its exchange-current density is smaller than that of Pt. 
This must be the case for both electrochemical reactions: 



■WSR 



;HOR 



*0,Ni-YSZ OiYSZ Pi 



and 



:HOR < ;WSR 

0,Ni-YSZ °>YSZ-Pt 



(8) 



where the superscripts WSR and HOR refer to H2O splitting 
and H2 oxidation reactions, respectively. In other words, Ni 
needs a bigger fraction of V ce ii than Pt to compensate for 
its poor charge-transfer reaction rate. The higher exchange- 
current density of Pt is indicative of its superior electro- 
catalytic activity, i.e., it is more efficient for catalytic promo- 
tion of the charge-transfer reaction. Other contributions might 
include differences in the micro-structural quality of the elec- 
trodes and the accumulation of impurities at the TPB. While 
the performance difference between Ni and Pt is not at all sur- 
prisingEEH, we emphasize the directness of our approach to 
make such determinations. 

Comparing the velocities of the H2O splitting and H2 ox- 
idation reactions on the same electrode but at different val- 
ues of V ce u requires accounting for the cell current. We do 
this by considering the ratio between the overpotential and 
the current, the faradaic resistance R F =r[/I ce u, which rep- 
resents the total reaction resistance. Lower faradaic resis- 
tance indicates a faster reaction velocity. When V ce ii=— 0.6 V 
and V ce ii= 0.6 V, Ni is performing WSR and HOR, re- 
spectively, and R F (Ni,WSR,-0.6 V) = 3.7xl(T 3 Q. and 
R F [Ni,HOR,0.6 V) = 6.7x 1(T 3 £1 This comparison shows 
that H2O splitting on Ni is faster than H2 oxidation. At 
the same cell voltages, Pt is performing HOR and WSR, 
respectively, and R F (Pt ,HOR, -0.6 V) = 2.3xl0~ 3 Q. and 
R F (Pt,WSR,0.6 V) = 3.5xl0~ 3 £2. Therefore, H 2 oxidation 
proceeds more rapidly than H2O splitting on Pt. 

The cell behaviour at V ce //=— 0.6 and 0.6 V directly il- 
lustrates the importance of the electro-catalyst in the overall 
SOEC performance - the Ni and Pt electrodes have similar 
overpotentials but the current is two times greater when hy- 
drogen oxidation occurs on Pt (V ce u = —0.6 V). 

At V cel i=l.2 V, r) Ni YSZ =1.02 V and/ ce //=32 p.A. At the same 
time, Tiysz-pi i s smaller than at V ce //=0.6 V. These observa- 
tions are explained by the known'SEI interfacial oxidation of 



Ni, which occurs when T| Ni _ YSZ > 0-4 V. The oxide layer 
at the interface and the TPB greatly decreases the electro- 
catalytic activity of the Ni electrode, reducing z'o, Ni _ YSZ and 
consequently increasing T|bias, Ni _ YSZ and the total Ni overpo- 
tential, T| Ni YSZ . Commercial fuel-cells avoid the oxidation of 
Ni by using porous Ni-YSZ cermets that increase the extent 
of the Ni electrode TPB and reduce the local current densities, 
also reducing T| Ni YSZ . Because the current is smaller at 1.2 V 
than at 0.6 V, r| YSZ _ pt is also smaller. The overpotential at the 
Ni/YSZ interface at V c ^=0.6 Cn Ni _ YSZ =0.37 V) indicates that 
the Ni interface was not oxidized during these conditions. 



6 Conclusions 

We have demonstrated that photo-electron spectroscopy per- 
formed in operando at near ambient pressure can measure di- 
rectly the individual overpotentials in solid-state electrochem- 
ical devices. In our simple electrically driven SOEC, the Ni 
and Pt electrodes are at the same temperature, see the same 
gas, and have the same symmetric geometry on the YSZ elec- 
trolyte. We can then interpret the origins of the changes in the 
individual overpotentials (T| Ni _ YSZ , T| YSZ _ Pt and r| R ) with ap- 
plied bias in terms of the different electro-catalytic activities 
of Ni and Pt for the H2O splitting and H2 oxidation reactions. 
We find without ambiguity that H2O splitting is faster than H2 
oxidation on Ni, while on Pt H2 oxidation reaction proceeds 
more rapidly than H2O splitting. In addition, by measuring 
the portion of the applied bias V ce u that is consumed at the 
Ni/YSZ interface, T| Ni _ YSZ , we can determine if the Ni at that 
interface is oxidized under different conditions. 

Using photo-electrons as non-contact potential probes 
in operando allows direct access to all the individual over- 
potentials of an electrochemical cell. Knowing the "potential 
landscape," along with the "composition/chemical state land- 
scape," should provide a deeper understanding of the basic 
mechanisms of fuel-cell and electrolyzer operation and enable 
improved performance. 
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Appendix 

A SOEC potentials probed by photo-electrons 

In this appendix, we provide a formal description of how 
XPS can directly measure the difference between biased and 
non-biased (equilibrium) states in a material's inner poten- 
tial, blas A eq (j). The fundamental XPS process is the emission 
of a photo-electron from an atomic energy level (core or va- 
lence band) excited by monochromatic x-raysEEO The emit- 
ted photo-electron will leave the surface if the kinetic energy it 
acquired from the incident x-ray photon, £™g , can overcome 
all the potentials that bind it to the solid. 

The electron kinetic energy measured at the spectrometer 
can be considered as the sum of discrete contributions. First, 
the electron has to overcome the atomic binding energy (ref- 
erenced to the material's Fermi level), Eg E , to escape from 
the atom. E B E is defined as the energy difference between 
the initial, unperturbed N electron atom and the final-state N- 
1 electron atom. After escaping the atom, the electron has to 
travel through the solid toward the surface. Since we are only 
interested in the elastic electrons present in XPS peaks and 
not the broad inelastic backgrounds, we have to consider the 
electron mean free path in the solid. For the kinetic energies 
used in this work, the mean free path is ^1 nm, i.e., electrons 
created within ^1 nm of the surface will escape elastically out 
of the solid. 

The second term to consider is the chemical potential of the 
electron, fj e , which is the negative of the energy cost of re- 
moving one electron at the Fermi energy from the solid. (jj e 
is defined as introducing one electron into the material.) This 
energy is characteristic of a material. The third contribution 
arises if the sample and the spectrometer are not Fermi-edge 
couple d 36 " 39 !. Then the difference between their Fermi levels 
will contribute to the measured kinetic energy. We will call 
this term the Fermi-level difference, 8Fe- The fourth contri- 
bution is the energy cost of crossing the surface potential %, 
which results in an energy of e%, where e is the charge of the 
electron. The combination of the electron chemical potential 
with negative sign and the energy change in crossing t he sur- 
face potential dipole % is the electron work function ^ 5 ! 40 ! 41 !; 
'I'sampie = — /Je + £%■ The fifth (last) contribution comes from 
the spectrometer — the electron has to overcome the spec- 
trometer work function (•t'sp) to enter and be counted. 

When a driven cell is measured under bias, double-layers 
will form and overpotentials will develop at both elec- 
trode/electrolyte interfaces (see Section[3]l. Since all the other 
contributions to the photo-electron kinetic energy just de- 
scribed (Eg g , /j e , e%^] an( j <j> ) are independent of the bias, 
the difference in the kinetic energies of photo-electrons from 
the same region with applied bias £^ E S and with no exter- 
nal bias £ K q E measures the change in the Fermi level differ- 



enc d 43 l 44 4 

EkI ~ -EkV = bias A eq 8F E . (9) 

Only the Ni electrode is Fermi-edge coupled to the XPS spec- 
trometer, so SFg 1 = for all bias conditions. When bias is 
applied between Ni and Pt electrodes, the Fermi level of the 
YSZ and Pt will change with respect to the XPS spectrometer 
(SFet^O). To relate the Fermi energy and the inner potential, 
we recal l that the Fermi level of a particular phase, Fe, cor- 
respondsEffiH to the electrochemical potential of its electrons, 

F E =/J e =j"e-e<t>. (10) 

Since /j e does not depend on bias, the bias-induced change in 
8Fe corresponds to: 

e k. e. ~ e k.e. = -e bias A e i(j) . (11) 

If the kinetic energy is measured in eV, e = 1 eV/V and: 

Ek! - E K q E . = - bias A e i(j) (in eV). (12) 

That is, by measuring how the kinetic energies of the XPS 
peaks shift rigidly with bias, the change in inner potential can 
be measured^. In Section [5] we show how this relationship 
can be combined with the equations in Section [3] to directly 
measure the total overpotential of a double-layer. We empha- 
size the key point that the photo-electrons have finite escape 
depth, ~1 nm in our experiment. Thus, we are measuring the 
inner potential changes in the material's near-surface region. 
In contrast, the surface potential arises from the atomically- 
sharp discontinuity in the material at its surface. 
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